Background: Mechanical allodynia is generally resulted from nerve damage by direct injury or inflammation. Thus, this study was designed to compare the antiallodynic effect of morphine, brimonidine and rilmenidine in two models of neuropathic pain, that is, induced by nerve ligation and neuritis.
INTRODUCTION
Peripheral nerve injury and inflammation may result in a condition of extreme cutaneous sensitivity to normally innocuous mechanical stimulus, termed mechanical allodynia.
Unilateral ligation of lumbar L5/L6 spinal nerves produces a profound and long-lasting allodynia for several weeks [1] , which is abolished by surgical or chemical sympathectomy [2, 3] .
Signs of mechanical allodynia were most evident in the nerve ligation model among experimental animal models [4] . Recent studies reported that a focal inflammation of the sciatic nerve produces neuropathic pain sensations in a distant region [5, 6] .
Two pain models by direct nerve injury or nerve inflammation induces completely different responses: inflammation causes dramatic changes in dorsal horn neurons, whereas peripheral nerve injury induces changes mainly in the DRG neurons [7] . An important question is whether some of these changes may be involved either in inducing or in counteracting neuropathic pain. These changes may also explain why opiates are less efficient in treatment of neuropathic pain than in treatment of inflammatory pain. Although there is some controversy, morphine has an antiallodynic effect on neuropathic pain by inflammatory component [8] . The agents acting at α2 adrenergic or imidazoline receptors, which are related with the sympathetic nervous system, have shown to effectively reduce the neuropathic pain [9] [10] [11] . Brimonidine is a relatively selective and potent α2 adrenergic agonist and rilmenidine is a selective imidazoline receptor agonis [12, 13] .
Thus, we hypothesized that reduction of mechanical allodynia by intrathcal morphine, brimonidine and rilmenidine may be different in neuropathic pain state induced by either FCA administration or spinal nerve ligation. Therefore, this behavioral study was aimed to compare the antiallodynic effect of intrathecal morphine, brimonidine and rilmenidine in rats with neuropathic pain induced either by the administration of FCA around the sciatic nerve or by spinal nerve ligation.
MATERIALS AND METHODS
The following experiments were performed under a protocol approved by our Animal Care Committee. One hundred and ten male Sprague-Dawley rats weighing 160−200 g were used. They were housed 3 or 4 to a cage, given food and water ad libitum and kept in a temperature controlled vivarium (21 ± 1 o C) and allowed to acclimate for three days in a 12/12-h light/dark cycle. Surgery was done on all rats under halothane anesthesia and a 1：1 flow ratio of N2O and O2.
The rats recovered sufficiently from the surgical procedures to resume normal activity within 30 min after termination of the anesthesia.
For creating two neuropathic pain rat models, each surgical procedure was performed according to the method devised by either Kim and Chung [1] or Eliav et al [5] . Under anesthesia, a dorsal midline incision was made from L3 to S2 vertebral level. The left L6/S1 posterior interarticular process was exposed and resected. A partial excision of the L6 transverse process was made and the left L5 and L6 spinal nerves were gently isolated and ligated tightly with 6−0 black silk just distal to the dorsal root ganglion and proximal to the formation of the sciatic nerve (SNL group, n = 60). In the SIN group (n = 50), rats were anesthetized and the sciatic nerve The gelfoam, saturated with 50 μl of FCA, is loosely around the nerve. After each surgical procedure, complete hemostasis was confirmed and the wound was sutured closely.
For spinal drug administration, implantation of the intrathecal catheter was performed if the rat showed a withdrawal threshold of 4.0 g or less postoperatively. As devised by Yaksh and Rudy [14] , intrathecal PE-10 tubing was passed caudally from the cistern magna to the spinal cord level of lumbar enlargement. The catheter was externalized through the skin. Proper location was confirmed by a temporary motor block of both hind limbs after injection of 2% lidocaine 7 μl, followed by 10 μl saline. Only rats with no evidence of neurologic deficit after the operation were examined. At least a five-day recovery period was allowed before the rats were used in experiments.
The drugs were given by using a microinjection syringe over a 60-s interval in a volume of 10 μL, followed by a 10 μL responses, the next filament tested was the next greater force.
In the absence of a response at 15 g pressure, the animals were assigned to this cutoff value. The tactile stimulus producing a 50% likelihood of withdrawal was determined by using the up-down method [15] .
Withdrawal threshold data from von Frey hair testing were obtained as the actual threshold in grams and were converted to %MPE using the formula: %MPE for antiallodynia = ( confidence intervals are calculated from the %MPE at each concentration of each drug by using dose response data [16] .
Side effects were simply assessed by observing presence of sedation and motor weakness. Severe sedation was defined as a significant decrease in spontaneous activity and a loss of the orienting response to the light touch stimulation. Motor weakness was evaluated by observing the righting and placing/stepping reflexes, abnormal weight bearing, and abnormal ambulation. Although the drugs given were blinded to the experimenter, data collection could not be done in a blind fashion because animals in the SNL group showed a characteristic mild foot deformity of the lesioned hind paw.
Data in dose response curve were expressed as the mean ± standard error (SE) in each group. The differences between two chronic pain models were compared using an unpaired ttest or a Mann-Whitney Rank Sum test if equal variance test or normality test is failed (SigmaStat 3.1). P value less than 0.05 was considered to be statistically significant. models ( Fig. 1−3) . FCA administration as well as nerve ligation injury produced a marked mechanical allodynia in the lesioned hind paw.
RESULTS

After
As shown in Fig. 1 , intrathecal morphine, brimonidine and rilmenidine in both groups showed the antiallodynic effects in a dose dependent manner (Fig. 4) . ED50 values and slopes are shown in the SNL: spinal nerve ligation, SIN: sciatic inflammatory neuritis, N: number of rats tested; some rats received two or three injections with at least a five-day interval between drug injections. The difference between SIN and SNL groups was statistically significant only at the high dose of 100 μg (P ＜ 0.05).
No abnormal behavior or foot deformity was seen in the SIN group but four rats in the SNL group were excluded due to flaccidity and severe deformity from the spinal nerve damage. In the SNL group, most rats showed a slight foot deformity of the lesioned hind paw after surgery. The foot of the lesioned side was moderately everted on the injured side and the toes were held together. None of the rats was showed a severe sedation to affect the experiment after drug administration. All the included animals in both SNL and SIN groups produced allodynic response without a lack of general activity and any signs of motor weakness.
DISCUSSION
There are two important observations in this study. First, either the nerve inflammation induced by administration of FCA around the sciatic nerve or nerve injury induced by spinal nerve ligation can produce a mechanical allodynia.
Second, as shown a statistically significant difference between two neuropathic pain models, the efficacy of intrathecal morphine and rilmenidine was better than that of brimonidine.
Neuropathic pain including mechanical allodynia is generally resulted from nerve damage by direct injury or inflammation.
Signs of mechanical allodynia were most evident in the nerve ligation model among experimental animal models [4] . Freund's complete adjuvant (FCA), an inflammatory agent, is widely used in an animal model of chronic pain [17] . Many investigators used to administer FCA into the foot or ankle to induce a peripheral inflammatory condition [17, 18] . Although exact mechanism is not known, activation of sympathetic nervous system is at least partly involved in induction and maintenance of neuropathic pain induced by inflammation [19] . However, recent studies reported that the sciatic inflammatory neuritis (SIN) produces neuropathic pain sensations in a distant region and this is not due to axonal damage [5, 6] . Thus, we performed this behavioral study in the spinal nerve ligation model and the sciatic inflammatory neuritis model.
Intrathecal clonidine has an antiallodynic effect in rats with
spinal nerve ligation injury [20] . Clonidine is not pure α2 adrenergic receptor agonist but is also able to combine with nonadrenergic imidazoline recepto [21] . The agents acting at α2 adrenergic or imidazoline receptors have shown to effectively reduce the neuropathic pain [9] [10] [11] . Spinal α2 adrenergic receptor agonists inhibit preganglionic neurons and diminish sympathetic outflow, resulting in their antiallodynic action [22] . Brimonidine is a relatively selective and potent α2 adrenergic agonist and rilmenidine is a selective imidazoline receptor agonist [12, 13] .
Imidazoline receptor is more related in sympathetic activity than α2 adrenergic receptor [13] . Although there is some controversy, morphine has an antiallodynic effect on neuropathic pain by inflammatory cause [8] . Therefore, we chose morphine, brimonidine and rilmenidine in two different neuropathic pain rat models.
The efficacy of morphine in neuropathic pain states is somewhat controversial. Some investigators have suggested that morphine is ineffective against neuropathic pain in animal studies [23, 24] , whereas others have found that opioids may alleviate neuropathic pain [25] . Unlike our finding of intrathecal morphine in the SNL group, previous studies reported that intrathecal morphine was not efficacious against mechanical allodynia in rats with ligation of L5/6 nerve roots [23, 24] and this was due to the lack of a generalized loss of μ opioid receptors [26] . However, intrathecal morphine is effective in reducing neuropathic pain induced by inflammatory cause [8] and our results in the SIN group are consistent with this description. [27] . During inflammation, afferent fibers may be sensitized by prostanoids released from sympathetic fibers, and following peripheral nerve injury, sympathetic nervous stimulation or the administration of noradrenaline can excite some Aβ-and C-fiber afferent via α adrenoceptor [28] . These findings may partially explain causalgia and sympathetically maintained pain, since these conditions may be ameliorated by sympathectomy or α2 adrenoceptor agonist, clonidine. Previous study reported that spinal nerve ligation triggers sprouting of myelinated sympathetic fibers in the dorsal root ganglion and result in a functional coupling between sprouted sympathetic fibers and sensory neurons [29, 30] .
Goff et al [31] demonstrated the reorganization of the spinal dorsal horn in three models of chronic pain. Considering together, our results from three drugs in both groups can be explained. Spinal nerve ligation model generally reflects the sympathetic component [2, 3] , whereas chronic constriction injury and partial nerve injury models relatively do the inflammatory component [32] . Our results from intrathecal brimonidine and rilmenidine in the SNL group are consistent with the former.
In the case of inflammatory pain animal models, FCA is widely used in a model of chronic pain [17, 18, 33] . The exact mechanism of neuropathic pain by FCA administration is not known in the this study, but the inflammatory mediators may sensitize acutely inflamed nerve fibers to mechanical and thermal stimuli [34, 35] . Another probable mechanism is that an inflammation-induced neuropathy (neuritis) by FCA administration initiates an immune mechanism and also produces a destructive caseous local inflammation. Therefore, unspecific mechanisms such as nerve compression by the surrounding granuloma or direct destruction of the nerve by the inflamed caseous tissue might be involved the development of the allodynia. Several studies reported that a neuroimmune interaction contributes to the genesis of painful peripheral neuropathies [5, 6, 36] . An inflammation reaction, an immune cell infiltration and increased endoneurial levels of pro-inflammatory cytokines have been detected at the site of nerve injury in animal models of painful peripheral neuropathy [37, 38] . Watkins et al [39] demonstrated that the neuropathic pain produced by the neuritis was accompanied by minor structural damage to axons or glia and application of FCA to the surface of the nerve evoked an endoneu-rial inflammation characterized by evidence for plasma extravasation and the infiltration of immune cells. Also, Maves et al [40] suggested that a neuroimmune interaction in the endoneurial compartment plays a key role in producing the neuritis-evoked neuropathic pain. A new model of sciatic inflammatory neuritis induced unilateral and bilateral mechanical allodynia following acute unilateral peri-sciatic immune activation in rats [6] , whereas a focal inflammation of the sciatic nerve produced neuropathic pain on the ipsilateral side [5] .
Morphine and rilmenidine but not brimonidine showed a significantly different 50% effective dose (ED50) in these two neuropathic pain models. The dose response curve of the SIN group was more left located than that of the SNL group. This means that morphine and rilmenidine is more effective in the reduction of allodynic state caused by inflammation than by nerve injury. In the present study, there are several limitations to define the difference between two models. First, we did not examine the ongoing spontaneous pain that is one of the typical signs of neuropathic pain and only checked static component of mechanical allodynia. Second, we administered only one of many similar drugs acting on each receptor. Third, we did not use a purely selective agents acting on each receptor. Thus, it cannot be sure that such difference is definitive until it is not further validated pharmacologically. Both positive and negative reference compounds should be tested with various methods to confirm the difference.
In conclusion, the present study demonstrates that local ad- 
